Introduction
Stroke is the leading cause of long-term disability and a major cause of health care resource consumption worldwide. 1 Atrial fibrillation (AF) is a powerful risk factor of stroke, and patients with AF-related stroke have a higher disease severity, worse outcomes in terms of disability, morbidity, and mortality compared with individuals without a history of AF. 2 The current approach to estimating the risk of stroke in patients with a history of AF is the Cardiac failure, Hypertension, Age, Diabetes, Stroke/transient ischaemic attack (TIA), VAscular disease, and Sex category [CHA 2 DS 2 -VAS C ] scoring system, and oral anticoagulation is recommended for those with a score of 2 or greater. 3 Although the CHA 2 DS 2 -VASc score has been epidemiologically derived and validated, 4 no direct mechanistic link between the CHA 2 DS 2 -VASc and AF-related stroke has been identified. In fact, the CHA 2 DS 2 -VASc score is associated with stroke even in patients without a history of AF. 5 Therefore, the CHA 2 DS 2 -VASc score may be viewed as a general marker of unhealthy phenotype. This may explain why the CHA 2 DS 2 -VASc scoring fails to identify a large number of high-risk individuals. 6 Besides, the CHA 2 DS 2 -VASc system does not protect individuals with subclinical AF, where a stroke is the first manifestation of AF. 7 Clearly, there is an unmet clinical need for an improved risk-stratification paradigm for AF-related stroke.
Recently, we demonstrated that depressed left atrial (LA) reservoir function during sinus rhythm quantified by tissue-tracking cardiac magnetic resonance (CMR) is associated with a history of stroke/TIA in patients with AF, independent of the CHA 2 DS 2 -VASc score. 8 These findings support a hypothesis that LA function may play a central role in the mechanism of AF-related stroke. Nevertheless, the precise mechanism as to how depressed LA function leads to thrombogenesis remains unclear.
In this study, as a first step to further dissect the mechanism of thrombogenesis when LA function is depressed, we aimed to investigate the potential role of mechanical dyssynchrony of LA during sinus rhythm. We hypothesized that mechanical dyssynchrony of the LA quantified by CMR is significantly associated with stroke or TIA independent of LA function in patients with a history of AF.
Methods
Please refer to the supplemental material for detailed methods (Supplementary data online, Appendix S1).
Study population
We performed a cross-sectional study using a prospectively enrolled database of patients referred to the Johns Hopkins Hospital for catheter ablation of symptomatic drug-refractory AF between June 2010 and December 2015. The patients underwent preprocedural CMR to acquire 3D anatomy of the left atrium, which was incorporated into an electroanatomical mapping system to guide catheter ablation of AF. Out of a total of 373 patients with available CMR image and without a history of prior AF or LA flutter ablation, 127 patients were excluded because either the presence of motion artifact, AF during CMR scan, and poor image quality. Moreover, subjects were excluded because of prior diagnosis of severe mitral disease. Additional information regarding patients excluded from the analysis is described in Supplementary data online, Table S1 . A total of 246 patients were included in the final analysis, with (n = 23; Stroke group) and without (n = 223; Control group) history of stroke/TIA before CMR. The patients with persistent AF were placed on antiarrhythmic medications and referred for external cardioversion 3-4 weeks before CMR. The Johns Hopkins Institutional Review Board approved this study and all the patients provided written consent.
LA dyssynchrony analysis
Please refer to the supplemental material for detailed CMR protocol (Supplementary data online, Appendix S1). Multimodality tissue tracking software (MTT, version 6.1, Toshiba, Japan) was used to quantify the LA longitudinal strains and strain rates in two-chamber and four-chamber views. The accuracy and reproducibility of MTT have been validated previously. 8, 9 Briefly, an experienced operator, blinded to the group, defined the LA endocardial and epicardial borders at the LA end diastole ( Figure 1 ). The confluence of the pulmonary veins and LA appendage were excluded as appropriate. The software automatically propagates endocardial/epicardial borders over the entire cardiac cycle using a template matching algorithm. 8 Finally, the operator verified the quality of the tracking generated by MTT. The software automatically divides the LA into six equal-length segments in each of the two-and four-chamber views, creating a total of 12 segments (Figure 1 ). Longitudinal strain and strain rate were calculated within each of the 12 segments ( Figure 2 ). Based on those curves we defined five indices of LA mechanical dyssynchrony as follows:
10,11
• SD-time-to-peak strain (SD-TPS): Standard deviation of the time to the peak longitudinal strain in 12 segments. This index quantifies mechanical dyssynchrony of the LA reservoir function.
• SD-time-to-peak preatrial contraction strain (SD-TPS preA ):
Standard deviation of the time-to-the peak preatrial contraction strain in 12 segments. This index quantifies mechanical dyssynchrony of the LA reservoir and conduit function. • SD-time-to-peak strain rate (SD-TPSR): Standard deviation of the time to the peak strain rate in 12 segments.
• SD-time-to-peak early diastolic strain rate (SD-TPSR e ): Standard deviation of the time to the peak early diastolic strain rate in 12 segments.
• SD-time-to-peak late diastolic strain rate (SD-TPSR a ): Standard deviation of the time to the peak late diastolic strain rate in 12 segments.
A higher value of each index reflects a greater degree of mechanical dyssynchrony. We also presented the values of LA dyssynchrony as percentage (SD, %) of R-R 0 interval. Similar assessment of LA dyssynchrony has been published and validated before using 3D-echocardiogram against standard 2D echocardiogram, in a population of individuals with paroxysmal and persistent AF against healthy subjects. 10 Out of a total of 5904 segments, 86 (1.45%) were excluded from analysis because these segments lacked well-defined peaks in the strain/strain rate curves.
Statistical analysis
Baseline patient demographics are presented as mean þ SD or percentage and are compared using Student's t-test or v 2 and Fisher's exact test as appropriate. Multivariable logistic regression was used to assess the effects of LA dyssynchrony on the likelihood that the patient has a history of stroke/TIA. Results are presented as odds ratio (OR). Model 1: unadjusted, Model 2: adjusted for the CHA 2 DS 2 -VAS C score before stroke; Model 3: Model 2þ LA minimum volume (V min ), Model 4: Model 3 þ Maximum longitudinal LA strain (S max ). Bootstrapping confidence intervals (CI) using Bias-corrected algorithm (n = 500 replications) were calculated based on the final model. Since the number of patients with history of stroke was substantially lower than those without, we also performed a propensity score matching analysis. We applied greedy nearest neighbour matching within a specified calliper width (0.1) without replacement for forming pairs of patients with and without history of stroke matched on the propensity score. We performed two different matching: one based only on the CHA 2 DS 2 -VAS C score and the other based on the CHA 2 DS 2 -VAS C score, LA minimum volume and LA peak longitudinal strain. After matching, logistic regression was used to compare the odds of stroke in both groups. Sensitivity analysis including time from AF diagnosis to the procedure, type of AF, and left ventricular ejection fraction (LVEF) in multivariable logistic models were also performed. Receiver operating characteristic (ROC) curves were generated to evaluate the additional value of mechanical dyssynchrony in predicting stroke/ TIA beyond the CHA 2 DS 2 -VAS C score. We performed chi-squared statistics to compare two different values of area under the curve (AUC). The 0.05 significance level was used for all hypothesis tests, and all t-tests were 2-sided. The statistical computations were performed using the STATA software (version 12.0, StataCorp, College Station, TX, USA). Table 1 summarizes participant's clinical characteristics. There were 71 (29%) female patients, and the average age was 59 ± 10 years (range 20-83). The stroke group was older (mean 67.9 vs. 58.7, P< 0.001) with the higher CHA 2 DS 2 -VAS C score before stroke (2.65 vs. 1.39, P < 0.001) and the higher prevalence of coronary artery disease (CAD) (21.7% vs. 9.0%, P = 0.054) and diabetes (21.7% vs. 10.0%, P = 0.015) compared with the control group. In the stroke group, 6 patients (26%) were on anticoagulation prior to stroke/TIA, and 11 patients (48%) started anticoagulation after stroke/TIA. The timing of anticoagulation initiation for the remaining six patients (26%) in the stroke groups is unknown. According to the standard of peri-procedural care for catheter ablation of AF, all patients with or without a history of stroke/TIA were on anticoagulation at the time of cardiac MRI and the ablation procedure. Supplementary data online, Table S1 summarizes the clinical characteristics of patients excluded from analysis due to AF at the time of cardiac MRI. The clinical characteristics of the patients included in and excluded from the analysis was similar, except for the prevalence of non-paroxysmal AF (52.8% vs. 26.4%, P < 0.001), history of hypertension (64.6% vs. 45.1%, P < 0.001), and ACEI/ARB use (40.1% vs. 29.7%, P = 0.037).
Results

Patient demographics
LA mechanical dyssynchrony and stroke
Patients in the stroke group had the higher maximum and minimum LA volumes, lower total EF, passive EF, and SR max and SR e values ( Table 2 ). There was no significant difference in the extent of LA Figure 2 Strain and strain rate curves for all 12 segments.
(A) Strain curves for 12 segments. Green dot, time-to-peak (TP) strain for each segment; Blue dot, time-to-peak preatrial strain (TPS preA ) for each segment. (B) Strain rate curves for 12 segments. Orange dots, time-to-peak strain rate (TPSR) for each segment; Red dot, time-to-peak LV early diastole (TPSR e ); Purple dot, timeto-peak LA contraction (TPSR a ). Dyssynchrony was measured as standard deviation (SD) of TPS, TPS preA , TPSR , TPSR e , and TPSR a .
Mechanical dyssynchrony of the left atrium and stroke fibrosis quantified by LGE between the stroke and the control groups (16 vs. 11 [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] %LA extent; P = 0.220). In contrast, SD-TPS ( Figure 2 ) and SD-TPS preA in the stroke group were significantly higher than that of the control group (median 39.9 vs. 23.4 ms, P < 0.001 for SD-TPS and 42.8 vs. 32.5 ms, P = 0.034 for SD-TPS preA ), SD-TPS and SD-TPS preA as percentage of R-R 0 interval were also significant different between groups. Other dyssynchrony parameters were also higher in the stroke group than in the control group. However, the difference did not reach statistical significance ( Table 2) .
LA dyssynchrony and clinical characteristics
The distribution of the stroke/TIA and control group patients among the percentiles of SD-TPS is shown in Figure 3 (Grade II: < _33rd, Grade II: 33rd-66th, and Grade III: > _66th). The relationship between SD-TPS grade and clinical variables is shown in Table 3 .
After correction for multiple comparison, patients with higher SD-TPS grades were older (Grade I: 56.6 ±9.7 vs. grade III: 63.2 ± 9.7 years; P < 0.001) and were more likely to have a history of stroke or TIA (P = <0.001).
Univariable and multivariable analyses
In Model 1, a univariable (unadjusted) analysis identified higher the CHA 2 DS 2 -VAS C scores before stroke/TIA, minimum LA volume, maximum longitudinal LA strain (S max ), SD-TPS (ms and %), SD-TPS preA, SD-TPSR, and SD-TPSR e as significant contributors to stroke/TIA. In addition, patients with Grade 1 had protective odds of stroke when compared with Grade 3, G1 vs. G3 = 22.1, P = 0.003 (Table 4) . After adjusting for CHA 2 DS 2 -VAS C and LA structural and functional parameters, SD-TPS remained significant ( LA dyssynchrony and modified CHA 2 D-VAS C score Figure 5 shows the result of ROC curve analyses based on a risk stratification scheme using clinical predictors of stroke, not including stroke itself (CHA 2 D-VASc), scoring system and the grade of dyssynchrony defined by SD-TPS: Cardiac failure (þ1 point), Hypertension (þ1 point), Age (65-74: þ1 point, > _75: þ2 points), VAscular disease (þ1 point), Sex category (þ1 point), and SD-TPS grade (Grade = 3: þ1). This new scheme showed higher OR (2.10 vs. 1.84, P = 0.001) and the higher C-statistics: 0.82 vs. 0.75, P < 0.001 compared with the CHA 2 DVASc score alone. In addition, the AUC for SD-TPS (=0.83) was higher than the AUC for other parameters of LA structure and function: S max (=0.68), maximum LA volume (V max ) (=0.65), and V min (=0.70).
Discussion
In this cross-sectional study, we found that LA mechanical dyssynchrony during sinus rhythm is independently associated with a history of stroke/TIA in patients with AF. The value of LA mechanical dyssynchrony using 3D echocardiogram in predicting recurrence after catheter ablation of AF has been reported. 12 However, to our knowledge this is the first study to demonstrate the association between LA mechanical dyssynchrony and stroke/TIA using CMR.
LA mechanical dyssynchrony as a mechanism of intracardiac thrombogenesis
Currently, there is an ongoing paradigm shift in our understanding of the mechanisms of stroke in patients with AF. The classic paradigm is that AF produces stasis of blood within the LA, which causes thrombus formation and embolism in the brain. In contrast, a new paradigm is that alterations in LA structure and function during sinus rhythm are causally related to thrombo-embolism, and AF is not mechanistically responsible for the thrombo-embolic events; 13, 14 In fact, indices of LA structural remodelling, including larger LA size, [15] [16] [17] larger extent of LA fibrosis, 18 lower LA function, 8, 19 and lower LA appendage function 20 in sinus rhythm are known markers of stroke. We did not find significant difference in LA fibrosis between the stroke group and the control group. One possible explanation to account for this finding is a relatively small sample size of the patients who underwent LGE. Another possible explanation is that LA mechanical dyssynchrony may sensitively detect subtle changes in LA architecture that is not captured by LGE. In fact, multivariable analysis showed that LA dyssynchrony remained significant after adjusting for LA fibrosis. Our findings contribute to the new paradigm by providing a possible mechanistic link as to how abnormal LA structure and function during sinus rhythm, a solid mechanics process, alter the LA regional blood flow, a fluid mechanics process, to cause intracardiac thrombosis. Our results indicate that SD-TPS is significantly higher in the stroke group compared with the control group (Figures 3 and 4) . The lack of coordination during the reservoir phase of may slow down the regional blood flow in the vicinity of the LA wall and promote seeding of thrombus. This is consistent with a seemingly counterintuitive findings that individuals with the LA appendage closure device are more likely to have ischaemic stroke, 21 suggesting that not all the thrombus originates from the LA appendage.
Clinical implications
The CHADS 2 and CHA 2 DS 2 -VAS C scoring systems have only a modest discriminatory ability to assess the risk of stroke in patients with AF, 22,23 with c-statistics ranging from 0.56 (modified CHADS 2 ) to 0.69 (CHA 2 DS 2 -VAS C ). The discriminatory ability of the CHA 2 DS 2 -VAS C scoring system can be improved by adding the S max. 8, 24 Our study demonstrated that LA dyssynchrony further improves the discriminatory ability as evidenced by a significant increase in C-statistics (0.82 vs. 0.75, P < 0.001) and OR (2.10 vs. 1.84, P = 0.001). Therefore, LA 3 a large retrospective study showed that those subjects had a significantly higher risk of stroke compared with the general population (HR: 2.38-2.25). 6 The clinical outcomes of those patients can also be improved by oral anticoagulation. 25 Since individuals with the CHA 2 DS 2 -VAS C score of 1 represent a heterogeneous population, 6 assessment of LA dyssynchrony may help distinguish high-risk from low-risk individuals ( Figure 5 ). Grade II: 33rd-66th and Grade III: > _66th. Fisher's exact test.
Mechanical dyssynchrony of the left atrium and stroke (Supplementary data online, Table S1 ). Also, CMR was not performed at the time of stroke/TIA, and the time from stroke to CMR could not be determined from the records. Moreover, the stroke mechanism in each patient is unclear from the record. For the dyssynchrony analysis, we used only two-and four-chamber cine CMR, which was included in a routine image-acquisition protocol. Therefore, it is possible that our analysis underestimated the degree of dyssynchrony by missing regions that were not covered by those two views. Since the strain was 2D and was obtained only in the in-plane directions, the strain values may have been underestimated compared with those in 3D strains. Besides, the CMR temporal resolution may also explain our lower values of dyssynchrony compared with 3D echocardiogram. 10 Despite these potential causes of underestimation, our analysis demonstrated a significant association between LA dyssynchrony and a prior history of stroke. Therefore, we believe that the advantage of our approach outweighs the disadvantage of including more views to assess the whole LA deformation, which would increase the scan time and post-processing burden.
Conclusions
Higher mechanical dyssynchrony of the LA during sinus rhythm is associated with a history of stroke/TIA in patients with AF. Mechanical dyssynchrony of the LA may contribute to thrombogenesis by promoting a reduction of regional blood flow within the LA due to a loss of co-ordinated contraction.
Supplementary data
Supplementary data are available at European Heart Journal -Cardiovascular Imaging online.
